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Abstract
We study holographic models related to global quantum quenches in ﬁnite size systems. The holographic set up
describes naturally a CFT, which we consider on a circle and a sphere. The enhanced symmetry of the conformal
group on the circle motivates us to compare the evolution in both cases. Depending on the initial conditions, the
dual geometry exhibits oscillations that we holographically interpret as revivals of the initial ﬁeld theory state. On
the sphere, this only happens when the energy density created by the quench is small compared to the system size.
However on the circle considerably larger energy densities are compatible with revivals. Two diﬀerent timescales
emerge in this latter case. A collapse time, when the system appears to have dephased, and the revival time, when
after rephasing the initial state is partially recovered. The ratio of these two times depends upon the initial conditions
in a similar way to what is observed in some experimental setups exhibiting collapse and revivals.
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1. Introduction
The study of the out of equilibrium dynamics of
many body isolated quantum systems embodies impor-
tant open questions. On generic grounds a fast approach
to ergodic behavior is expected, but there is a variety of
situations where this is not realized [1]. Conservation
laws of integrable theories constrain the ﬁnal state to be
diﬀerent from that prescribed by the canonical ensemble
[2]. There are systems which exhibit metastable inter-
mediary states which retain memory of the initial ex-
citation, known as pre-thermalization plateaux [3], and
only thermalize on long time scales. The interest on this
subject has been fostered by the experimental control of
cold atomic systems.
Sometimes a system, initially out of equilibrium,
evolves towards an apparently decohered state which
after some time exhibits a remarkable reconstruction,
termed revival in the literature. When revivals appear,
they are not isolated, but repeat themselves with or with-
out decay [4, 5, 6, 7]. The focus of this work is set on
this last type of eﬀect. Our aim is to put forward the
striking similarity between quantum revivals and cer-
tain quasi-periodic solutions to the Einstein equations.
The apparent huge conceptual distance among these two
physical phenomena is bridged by the holographic prin-
ciple, whose best known realization is the AdS/CFT cor-
respondence [8].
The holographic dictionary assigns a classical grav-
ity system to a strong coupling ﬁeld theory problem,
oﬀering in this way a radically new perspective. Out
of equilibrium processes are mapped to time depen-
dent metrics. In particular, ﬁeld theory thermalization
is matched with gravitational collapse [9, 10]. Quantum
quenches, a useful technique to generate out of equi-
librium states, has been modeled holographically along
these lines. One of the most salient features of the evo-
lution after a quench is the so called light-cone eﬀect
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for the propagation of quantum correlations [11]. In the
holographic context, this eﬀect has been shown to be
reproduced from the radial infall of a matter shell in an
asymptotically anti-de Sitter geometry [12, 13].
Anti-de Sitter bears resemblance with a conﬁning
well. A spherical matter shell which does not carry
enough energy density to create a horizon as it im-
plodes, will scatter away. However in an asymptot-
ically AdS geometry, the shell will bounce back and
start a new infall [14, 15]. In [16] it was proposed
that such bouncing geometries provide the holographic
counterpart to processes which exhibit quantum re-
vivals. Among the observations that supported such
interpretation a prominent one came from the time re-
quired by the shell to complete a cycle. It was always
close to the revival time predicted by the simple but suc-
cessful model of [11] based on the free streaming of
quasiparticle excitations. This model underlies the pe-
riodicities after a quench found in some ﬁnite size sys-
tems described by integrable spin chains [5, 6] and con-
formal ﬁeld theories [7].
We will study scalar collapse in AdS3 and AdS4,
where the dual system corresponds to a CFT living re-
spectively on a circle and a sphere. The inﬁnite dimen-
sional symmetry algebra associated with the conformal
invariance on the circle is absent on the sphere. This im-
portant diﬀerence motivates a comparative analysis of
the revivals in both cases, ﬁnding a richer phenomenol-
ogy on the circle. The evolution of the entanglement
entropy shows that quantum correlations spread initially
according to the mentioned propagation model, but the
periodicites can be much longer than expected accord-
ing to it. The resulting pattern relates to a series of col-
lapse and revivals such as found in some condensates of
atoms trapped in optical lattices [17, 18]. Remarkably,
the ratio between collapse and revival time in those ex-
amples depends upon the initial conditions in a similar
way to the one we ﬁnd holographically.
This note closely follows the longer presentation in
[19]. In Section 2 reviews the holographic dictionary
for scalar collapse. Section 3 analyzes the phase dia-
gram for bouncing geometries. The evolution of the en-
tanglement entropy is addressed in Section 4. Section 5
is devoted to the physical interpretation of our results in
terms of the dual ﬁeld theory. Section 6 contains a qual-
itative map between the initial proﬁle of the imploding
matter shell and the entanglement properties of the dual
ﬁeld theory state. Finally, we summarize our conclu-
sions in Section 7.
2. Bouncing geometries
The holographic dictionary relates classical gravity in
an AdSd+1 space with the vacuum of a CFTd at strong
coupling and large central charge [8]. Black holes in
AdS are interpreted as the dual geometry for thermal
states of the dual CFT [20]. Along this line, the grav-
itational collapse of a certain matter conﬁguration to
form a black hole is considered the holographic repre-
sentation of a relaxation process on the ﬁeld theory side
[9, 10].
We wish to study the relaxation dynamics of ﬁnite
size systems. We focus on ﬁeld theories living on (d−1)-
dimensional spheres, since this is easiest to implement
holographically. For simplicity we also restrict to ho-
mogeneous ﬁeld theory states, as are those implied in
global quenches. Hence we are led to study gravita-
tional collapse of a spherically symmetric matter distri-
bution. A convenient ansatz for the metric is [15]
ds2 =
1
cos2x
(
−Ae−2δdt2 + dx
2
A
+ sin2x dΩ2
)
, (1)
where dΩ2 is the line element of a unit (d−1)-sphere,
x ∈ [0, π/2] and the AdS radius have been set to one.
The metric functions A and δ depend in general of x and
t. The choice A=1, δ=0 describes pure AdS.
Figure 1: Collapse of a matter shell in AdS. Outside the shell we have
a BH geometry, inside empty AdS. The shadowed area represents the
region implied in the holographic computation of observables from a
boundary region. It reaches deeper the larger the boundary region.
The radial coordinate x is interpreted as a scale for
the dual ﬁeld theory, x=0(π/2) encoding its long(short)
distance physics. Gravity induces any radial distribu-
tion of matter to start imploding. The geometry out-
side the matter shell is that of a black hole of the same
total mass. Hence as the shell infalls, ﬁeld theory ob-
servables associated to larger scales produce thermal
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results, see Fig.1. This has been shown to reproduce
the horizon eﬀect characteristic of the quantum quench
evolution [12, 13], leading to the following interpreta-
tion. In the gravitational collapse process, x acts as a
scale measuring the typical separation of entangled ex-
citations in the ﬁeld theory out of equilibrium state [16].
A shell sharply localized close to the AdS boundary rep-
resents entanglement mainly among nearest neighbors.
The shell implosion is the holographic counterpart to
the ﬂight apart of entangled excitations.
If the matter shell does not carry enough mass, it im-
plodes, scatters against itself and starts expanding with-
out forming a horizon. When reﬂecting conditions are
imposed at the AdS boundary, x = π/2, the shell sub-
sequently bounces against it and starts a new implo-
sion [14, 15]. Such cycle can repeat several times. It
was proposed in [16] that these oscillations serve as the
holographic duals for revivals found in condensed mat-
ter systems. We will use the function A in (1) for char-
acterizing the revivals. When the matter shell is close
to the AdS boundary, the inverse cosine factor multiply-
ing the rhs of (1) dilutes its density and minimizes its
back reaction on the geometry. The resulting geometry
is close to pure AdS, namely A ≈ 1. In a black hole
geometry, A vanishes at the event horizon. In a dynami-
cal situation, a zero of A signals the presence of trapped
surfaces that capture part of the shell. Holographically
this represents the irreversible dephasing of some ﬁeld
theory degrees of freedom, or equivalently, the onset of
equilibration. Hence Am(t)=minx A(t, x) can be used as
a measurement of how far from equilibration the system
is. This function takes values on the interval [0, 1]. Its
minima correspond to the moments of maximal implo-
sion of the matter shell and the maxima to its bounces
against the AdS boundary, see Fig.2.
Following previous works [15, 21, 22, 23, 24], we
will consider a matter shell composed of a massless
scalar ﬁeld. The equations of motion for the system are
[15]
Φ˙ =
(
Ae−δΠ
)′
, Π˙ =
1
tand−1 x
(
tand−1 x Ae−δΦ
)′
(2)
A′ =
d−2+2 sin2 x
sin x cos x
(1−A) − sin x cos x A (Φ2+Π2) (3)
δ′ = − sin x cos x (Φ2 + Π2) , (4)
where Φ = φ′ and Π = A−1eδφ˙, with φ′ and φ˙ the space
and time derivatives of the scalar ﬁeld respectively. For
convenience we have chosen φ=
√
8πG
d−1 ϕ, where ϕ is a
canonically normalized scalar ﬁeld and G the Newton’s
constant.
Figure 2: Evolution of Am(t) for a thin shell in AdS4 which needs
two bounces with the AdS boundary for collapse. In brown and red,
the radial energy distribution of the shell at the times indicated by the
vertical lines. Inset: A develops a zero signaling black hole formation.
We solve the previous system of equations by setting
the proﬁle of the scalar ﬁeld derivatives at t=0. We will
use a gaussian type proﬁle located close to x = π/2 as
initial data [16]
Π(0, x) =  exp
(
−4 tan
2(π/2 − x)
π2σ2
)
cosd−1 x , (5)
and Φ(0, x) = 0. The parameter σ controls the thick-
ness of the shell, and and for given σ its mass is a
monotonous function of . Values σ< 0.1 corresponds
to thin shells sharply localized at the boundary, while
σ > 0.5 describes broad initial shells with evolve into
radially delocalized pulses as they fall. Very thin pulses
correspond to instantaneous actions on the ﬁeld theory
while broad proﬁles are associated with slow perturba-
tions [16].
The initial data (5) have to be supplemented with ad-
ditional boundary conditions. A holographic model for
a closed ﬁeld theory system is obtained imposing the ab-
sence of energy exchange throughout the AdS boundary.
Under this condition the mass of the matter distribution
keeps constant along the evolution
M =
(d − 1)
16πG
vol(S d−1)M , (6)
with vol(S d−1) the volume of a unit (d−1)-sphere and
M =
∫ π/2
0
(tan x)d−1(Φ2 + Π2)A dx . (7)
The shell mass is identiﬁed with the energy of the dual
CFT. Its central charge, which grows with the number
of elementary degrees of freedom, holographically re-
lates to the inverse of the Newton’s constant [25]. Hence
M provides a measurement of the energy density per
species in the ﬁeld theory.
The system of equation (2)-(4) includes an integra-
tion constant related to the presence of a curvature sin-
gularity at x= 0. We ﬁx it by requiring the smoothness
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of the geometry at the origin of the radial coordinate
[15]. With this choice, and although the generic result
of the gravitational dynamics is the formation of a black
hole, it can be explicitly shown that holographic set up
describes a unitary ﬁeld theory evolution from an initial
pure state [12, 26]. Hence the gravitational collapse of
an initial shell (5) with small parameter σ can be used
as a reasonable model for the evolution after a sudden
global quench.
The metric (1) is invariant under reparameterizations
of the time direction t→ t′ = f (t). Since we aim at the
holographic interpretation of the geometry, we ask t to
be the proper time on the AdS boundary. The numeri-
cal integration of (2)-(4) has been accomplished using a
fourth-order Runge-Kutta algorithm.
3. Revival time
We are interested in gravitational processes where a
matter shell does not generate a trapped surface by di-
rect collapse, but needs at least one bounce oﬀ the AdS
boundary to do so. Diﬀerent aspects of scalar collapse
in AdSd+1 have been studied in [15, 21, 22, 23, 24]. We
will focus on how the time invested on the ﬁrst bounce
depends on the mass and thickness of the initial shell.
An interesting question is how symmetry constraints in-
ﬂuence the evolution of a system towards relaxation.
With this motivation in mind, we will compare the phe-
nomenology of scalar collapse in AdS3 and AdS4, dual
to a CFT on a circle and a sphere.
There are important diﬀerences between AdS3,4 grav-
ity already at the level of static solutions: in AdS3 there
is a mass threshold for the existence of black holes [27].
For the choice of unit circle made in (1), curvature sin-
gularities are hidden behind a horizon only for masses
aboveM=1. Static geometries with mass below thresh-
old contain an unshielded conical singularity at their
center. On the contrary, AdS4 admits black holes of any
positive mass.
This has important consequences for scalar collapse.
In AdS4 any thin shell appears to induce the formation
of a black hole after suﬃcient number of bounces [15].
The number of bounces needed for the emergence of
a trap surface decreases with increasing mass1, until
above some value this happens at the ﬁrst implosion.
The limiting line among these two situations is plotted
in Fig.3. Bouncing geometries only happen for quite
1When a trapped surface emerges, it generically does not capture
the complete shell. A fraction of it can yet escape to the boundary
and require several further bouncing cycles to be completely absorbed
[16].
Bouncing
geometries
Direct
collapse
0.0 0.1 0.2 0.3 0.4 0.5 Σ0.00
0.05
0.10
0.15

Figure 3: Phase diagram for scalar collapse with initial data (5) in
AdS4 (left) and AdS3 (right). The shaded region signals processes
requiring at least one bounce for collapse.
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Figure 4: Phase diagram for scalar collapse with initial data (5) in
AdS4 (left) and AdS3 (right). The shaded region signals processes
requiring at least one bounce for collapse.
small masses [15, 23, 16]. Correspondingly, revivals
in the dual CFT3 happen for initial out of equilibrium
states with an energy density per species clearly small
compared to the system size.
In contrast to AdS4, the collapse of shells below the
threshold M = 1 in AdS3 could only end up forming
a naked singularity. As far as we could push our sim-
ulations, we have not found this to be the case. For
low masses, the singularity analysis of [24] points to-
wards excluding the formation of such singularity in ﬁ-
nite time. In these cases equilibration is never achieved
and the dual ﬁeld theory undergoes an inﬁnite series of
revivals. Even above the black hole threshold, there is a
small window where at least one bounce oﬀ the AdS3
boundary is required for collapse [14]. Fig.4 shows
the curve separating bouncing geometries in AdS3 from
trapped surface formation at the ﬁrst implosion. Hence
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holographic models of CFT2 dynamics admit revivals
for ratios of the energy density to the system size much
larger than in higher dimensions.
We characterize the revival time as that invested in
completing the corresponding oscillation cycle of the
function Am(t), see Fig.2. Generically the shell mo-
tion is quasi-periodic, and the revival time stays almost
constant along the evolution. However for AdS3 shells
close or above the black hole threshold,M1, the time
span of successive bounces might vary. To avoid am-
biguities, we will denote with tr the time elapsed in the
ﬁrst revival. Both in AdS3 and AdS4, the value of tr
tends to π for pulses of low mass, M→ 0. This is ex-
pected since a null ray originating at the boundary and
traversing diametrically AdS returns to the boundary af-
ter a time t=π. The value of tr monotonically increases
with the shell mass.
 >1
1 1.0025 1.0046
30
70
110
0.0 0.2 0.4 0.6 0.8 1.0

10
20
30
40
tr
Figure 5: Mass dependence of tr for pulses (5) with σ=0.25 in AdS3.
Inset: detail of the plot in the small window above threshold compat-
ible with bounces.
The mass window for the existence of bouncing ge-
ometries in AdS4 closes down to zero as the thickness
of the shell vanishes σ → 0, see Fig.3. For this rea-
son the revival time associated to thin pulses in AdS4
is always approximately π. The comparatively higher
masses compatible with revivals in AdS3 have a drastic
impact on the allowed values of tr. The revival time
strongly increases for shells whose mass approaches
M=1, see Fig.5. The increase is entirely due to the shell
being kept by its own gravitational potential at the point
of maximal implosion for a long time before expanding
again. Pulses leading to revivals with M higher than
one, take extremely long to complete the ﬁrst bounce.
Our results suggest that tr possibly diverges at the up-
per end of the mass window compatible with bounces.
This is shown in the inset of Fig.5. The relevance of the
mass window above the black hole threshold relies on
providing transition processes between inﬁnite revivals
and fast thermalization in holographic CFT2 models.
4. Entanglement entropy
The construction of a detailed dictionary between the
gravitational dynamics and the ﬁeld theory evolution is
far from straightforward. In the collapse backgrounds
there is no time-like Killing vector that could extend
ﬁeld theory constant time slices into the higher dimen-
sional dual geometry. The description of the ﬁeld the-
ory time evolution should be based on the evaluation of
holographic observables. To this aim we choose the en-
tanglement entropy.
The entanglement entropy (EE) of a region A is de-
ﬁned as the von Neumann entropy of the density matrix
traced over the degrees of freedom outside that region.
This very interesting quantity, which provides a charac-
terization of entanglement properties in extended sys-
tems, is generally diﬃcult to calculate within ﬁeld the-
ory methods. However it has a rather accessible holo-
graphic representation. It is encoded in the area of the
extremal bulk surface γA that anchors at the AdS bound-
ary on the boundary of A [28, 29]
S A =
Area(γA)
4G
. (8)
We will use in the following the diﬀerence between S A
and its value in the vacuum state as a way of regularizing
the UV divergence of the entanglement entropy.
Processes in the CFT3 dual to AdS4 evolve on the
unit two-sphere. The most symmetric choice for the re-
gion A are then spherical caps. We parameterize them in
terms of their angular aperture θ∈ [0, π], with θ=π cor-
responding to a hemisphere. Thin shells located initially
close to the AdS boundary give rise to the following EE
evolution pattern. The backreaction on the geometry of
a shell close to the boundary is small and the resulting
geometry is approximately AdS. With the above regu-
larization, the value of the entanglement entropy at t=0
is almost vanishing. As the shell falls, the entanglement
entropy grows. It achieves a maximum at t ≈ θ/2, after
which its associated extremal surface keeps outside the
imploding shell [16]. The value at the maximum coin-
cides with that of the EE of a cap in a AdS black hole of
the same total mass. If the shell does not form a trapped
surface by direct collapse, it will start expanding. At
t ≈ tr−θ/2 it intersects the EE extremal surface again.
From then on the entanglement entropy decreases until
it approximately vanishes at t= tr. This behavior repeats
in subsequent bounces, see Fig.6. We have marked with
dotted lines t = θ/2 and t = tr−θ/2 in the ﬁrst bounce,
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and t = tr+θ/2 and t = 2tr−θ/2 in the second, showing
the accuracy of the described pattern.
1 2 3 4 5 6 7 t0
0.002
0.004
0.006
SΘ
Figure 6: EE evolution of spherical caps with θ=1.4, .., 3 in an AdS4
processes with σ = 0.05 and M = 0.017. The dotted lines signal
t=θ/2, tr−θ/2, tr+θ/2, 2tr−θ/2.
2 4 6 8 10
t
0.1
0.2
0.3
0.4
0.5
SΘ
Figure 7: Same as in Fig.6 for an AdS3 shell with σ= 0.05 andM=
0.68.
In AdS4 only thin shells of low mass avoid direct col-
lapse, and for them tr ≈ π. However AdS3 oﬀers the
possibility to explore processes generated by thin shells
covering a wide range of values for tr. We have ana-
lyzed the entanglement entropy of an interval in the unit
circle where the dual CFT2 lives. The length of the in-
terval is θ∈ [0, π], with θ=π corresponding to the semi-
circle. The holographic dictionary reduces this problem
to evaluating the length of certain bulk geodesics. The
results are plotted in Fig.7. We observe the same pat-
tern as in Fig.6, but now sustained over long cycles.
Processes with masses close or above the black hole
threshold M = 1 lead to very large tr, see Fig.7. This
has the important consequence that even the entangle-
ment entropy of the semicircle remains a long time at its
maximum. Contrary to AdS4 processes, a second scale
independent from tr emerges. It is the time at which
the entanglement entropy of half the circle reaches its
maximum, which turns out to be very approximately in-
dependent of the initial conditions: tc≈π/2 . This is the
time after which some coarse grained observables, such
as the entanglement entropy, achieve values characteris-
tic of an ergodic state. In this sense, the subscript in the
previous deﬁnition stands for collapse.
10 20 30 40
t
0.2
0.4
0.6
0.8
LΘ
Figure 8: Entanglement entropy of an interval with θ=3.14, almost a
semicircle, along the ﬁrst bouncing cycle of AdS3 shells with σ=0.25
andM=0.88, 0.98, 1, 1.003.
The pattern just described persists along successive
revival cycles, in spite that their duration might vary,
see Fig.9.
Figure 9: Entanglement entropy evolution for θ=3, in a AdS3 process
with σ = 0.25 and M = 1. The vertical lines mark equal intervals
whose extent is Δt=θ, except for the ﬁrst line that is located at t=θ/2.
5. Field theory interpretation
A very simple model was proposed in [11] to describe
the evolution of 1-dimensional systems after a quantum
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quench. It assumed that the excitations generated by
the quench move as free quasiparticles following clas-
sical trajectories according to its group velocity. When
the system after the quench is critical, all quasiparticles
move at the speed of light, giving rise to a sharp light-
cone eﬀect. The early evolution of the entanglement
entropy in the ﬁnite size CFT2 and CFT3 holographic
models we are considering eﬀectively follows this sim-
ple model. Let us assume that entangled excitations are
emitted in pairs that move at the speed of light in op-
posite directions. At time t = θ/2 excitations inside a
region of size θ could only be entangled with those out-
side, leading to a maximal value for its entanglement
entropy. This behavior is reproduced holographically
by the implosion of the matter shell [16], as the dotted
lines in Fig.6 and Fig.7 show.
It is important to stress that the light-cone propaga-
tion of entangled excitations was proposed as an eﬀec-
tive picture for the evolution of CFT’s on an inﬁnite
line [11]. Indeed a relevant test on the associated holo-
graphic models has been showing that it is correctly re-
produced [12]. The same simple picture on ﬁnite size
setups should a priori only apply to the early time evo-
lution, where the size of the system is not relevant. As
we have seen, this is again fulﬁlled by holographic mod-
els. On the contrary, its use to explain ﬁnite size eﬀects
has to be analyzed in a case by case basis.
The quench dynamics of a rational CFT on a circle
was studied in [7]. Partial revivals of the initial state
were found at integer multiples of tr=π for a unit circle.
This coincides with the time that takes free quasipar-
ticles emitted together in opposite directions and mov-
ing at the speed of light to rejoin again, in agreement
with the simple propagation picture. However AdS3
processes exhibiting revivals only present that period-
icity for very low mass shells. Notice that this does not
need to contradict [7]. The holographic dictionary maps
the classical gravity description with the limit of inﬁnite
central charge on the ﬁeld theory side. Hence the dual
CFT will not be a rational one 2. A consistent picture
for the departure of the holographic revival times from
π calls for an interpretation as an eﬀect of interactions
in the quantum ﬁeld theory. We will give support for it
in the following paragraphs.
On generic interacting systems, it is natural to ex-
pect that as the energy density created by the quench
increases, a fast evolution towards equilibration sets in
2We ﬁnd reasonable to assume that at large but ﬁnite central charge
the previous conclusion also applies, since otherwise a priori small
quantum eﬀects should radically change the classical picture of col-
lapse.
frustrating the possibility of revivals. The holographic
representation of a fast approach to ergodic behavior
is the formation of a black hole trapping the complete
shell by direct collapse. The AdS4/CFT3 models do fol-
low this expectation. The number of bounces needed for
gravitational collapse decreases with increasing mass of
the scalar proﬁle. Moreover thin AdS4 shells only re-
quire bounces before collapse for quite small values of
M (7), a quantity holographically related to the ﬁeld
theory energy density per species, and for them tr ≈ π.
This implies that only ﬁeld theory processes reasonably
described by the propagation model exhibit revivals.
Soon after the eﬀect of interactions starts to play a role,
a fast approach to ergodicity sets in.
This is not the case in AdS3/CFT2 models, a fact
which from the dual point of view should be related to
the strong symmetry properties of 2-dimensional CFT’s.
Considerably larger ratios of energy density per species
to system size are compatible with revivals for them.
As result, values of tr much longer than π can be ob-
tained. The evolution of entanglement entropy in Fig.7
leads to the following interpretation. At tc ≈ π/2 after
the quench the isolated system appears, at the macro-
scopic level, to have dephased and thermalized. The
microscopic dynamics leads to rephasing at a later time
t≈ tr−π/2. The initial state undergoes a revival at tr, at
least in the sense that entanglement returns to be peaked
on neighboring degrees of freedom. The evolution be-
fore dephasing and after rephasing appears to be well
described by the free propagation model of [11]. The
fact that tr increases with the energy density of the initial
state, supports linking its value with interaction eﬀects.
Remarkably holography allows to model a system
which, depending on the initial conditions, exhibits re-
vivals of a quite diﬀerent nature. For small energy
densities they are well described by the free streaming
of entangled excitations which rejoin again on a ﬁnite
space. For larger energies the evolution turns out to bear
stronger resemblance with a series of collapses and re-
vivals of the system wavefunction. The phenomenology
we have obtained in the latter case relates to that found
in some quantum systems which undergo collapse and
revivals in their evolution. An example is provided by
a Bose-Einstein condensate of atoms with repulsive in-
teractions conﬁned in an optical trap. The matter wave
ﬁeld of the condensate, whose mean value represents
the fraction of individual atoms that are coherent over
the total number of atoms in the trap, exhibits a series
of collapse and revivals. Assuming the system starts in
a coherent state, we denote by tc the time when this ob-
servable becomes exponentially suppressed, and tr the
time when it returns to ﬁnite values. The quotient be-
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tween these two times grows with the atom density on
the trap, n¯,
tr
tc
= 2
√
n¯ , (9)
in qualitative analogy to what we found in the holo-
graphic models.
Regarding the holographic dictionary, we obtain the
following consistent pattern. The free propagation
model provides a good account of the evolution at times
corresponding to the implosion and expansion of the
matter shell. The interaction eﬀects map to the strong
gravitational dynamics generated when the shell reaches
minimum size, and scatters against itself before starting
to expand again. It is then that the proﬁle of the shell
changes, tending to radially focus a fraction of the pulse.
This facilitates the formation of a horizon at a subse-
quent implosion, representing irreversible dephasing on
the dual ﬁeld theory. The large values of tr for AdS3
shells close or above threshold are explained by the dif-
ﬁculty that these shells ﬁnd to climb their own gravi-
tational potential, which retains them for a long time
at the point of maximal implosion. Hence, we are relat-
ing the dynamics which determines the formation or not
of a horizon with the dynamics of dephasing-rephasing
which leads in the ﬁeld theory to revivals or to equili-
bration.
6. Decoding the shell proﬁle
We will address now an important issue left open
above. Namely, the relation of the shell thickness with
the time span of the ﬁeld theory perturbation generating
the initial out of equilibrium state. At a qualitative level,
we shall provide a map of the shell proﬁle to entangle-
ment properties of the initial state.
When the perturbation that brings a system out of
equilibrium has a ﬁnite time span, it is relevant to take
into account that there will be excitations produced at
diﬀerent instants of time. This will cause the entan-
glement entropy not to reach its maximum until those
entangled components emitted last have reached a sep-
aration larger that the region considered. Indeed, the
approach of the EE to its maximum is sharper for mod-
els associated to the thinner shell, while it smoothness
out and requires a longer time for the broader ones. This
eﬀect can be clearly observed in Fig.10.
If the radial thickness of the initial pulse indicates
the time span of the perturbation bringing the ﬁeld the-
ory out of equilibrium, its energy proﬁle should quali-
tatively measure the density of excitations generated at
each instant of time [16]. The energy distribution of the
Figure 10: EE growth for θ= 2.6 along the implosion of AdS3 shells
withM = 0.68 and σ = 0.01, 0.05, 0.1, 0.15, 0.2 from bottom up. We
have displaced vertically the lines for the sake of comparison. In the
inset, σ=0.01, 0.2 lines without displacement.
shell is given by the integrand in (7), which we will de-
note by ρ(t, x). Hence, we propose the following quali-
tative dictionary
ρ(t0, x)→ dεdt (t0 + x − π/2) , (10)
where ε is the ﬁeld theory energy density at t = t0+ x−
π/2, and t0 the time at which the perturbation ends. In
order to convert radial position into time we used that
our metrics are asymptotically AdS, and infalling light
rays in AdS move along t = const− x. Since stronger
correlations should happen between excitations emitted
at the same instant of time, it is to be expected that
ρ¯ = max
x
ρ(t0, x) , (11)
is a relevant data determining the dephasing dynamics.
We will show now that indeed (11) plays a more impor-
tant role than the total energy density ε(t0)∝M.
The massless scalar ﬁeld that we are using along the
paper to generate a collapse process, because of its sec-
ond order equations of motion, has two independent
modes at the AdS boundary. The leading one is inter-
preted in the holographic framework as a ﬁeld theory
coupling constant. Hence a perturbation which brings
the dual CFT out of the ground state and is easy to
model holographically, is to turn on and oﬀ this cou-
pling. It correspond to impose boundary conditions at
x=π/2 where the leading scalar mode is non-zero for a
ﬁnite interval of time. This creates an imploding matter
shell that enters the AdS space from its boundary. In our
setup we decided instead to set the leading scalar mode
to zero, while providing the shell proﬁle at t=0 as initial
data for the collapse. However the initial proﬁle (5) has
not been generated in the way just described, but rather
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chosen for its simplicity. As a shortcoming, it is does
not give rise to a purely infalling signal, but turns out to
source both components that fall and move towards the
boundary. For this reason the natural choice t0=0 is not
appropriate. A better criterium is to identify t0 with the
instant when all shell components are imploding.
t00
imploding shell
0.0 0.1 0.2 0.3 0.4 0.5 Σ0.3
0.32
0.34
0.36
0.38
0.4
Ρ
Figure 11: Value of ρ¯ for the two choices of t0 described in the text,
along the AdS4 transition line to direct collapse, see Fig.3.
We have evaluated ρ¯ along the line separating bounc-
ing geometries from direct collapse in AdS4, see Fig.3,
for the two choices t0=0 and t0 determined by the shell
infall. While the shell mass goes to zero as the shell
thickness vanishes, ρ¯ stays ﬁnite in both cases. The vari-
ation on the range of σ we have studied keeps within
40% of its value in the thin shell limit for the former
choice, while remarkably it stays practically constant
for the latter. This is summarized in Fig.11.
Hence according to the above qualitative interpreta-
tion of the shell proﬁle, the mass window for bounc-
ing geometries closes down for thin shells because they
require a smaller mass for reaching the same maximal
value of radial density. Namely, the larger ρ¯ the bigger
the initial density of excitations entangled among them-
selves, and the less stable the system becomes against
dephasing. The analysis in AdS3 is less straightforward
because the black hole threshold massM=1 dominates
over any other criterium for collapse. In any case, the
fact remains that the mass window above threshold be-
fore direct collapse also closes down for thin shells.
7. Discussion
The aim of this paper was to propose a holographic
description of diﬀerent paths that a strongly coupled, ﬁ-
nite size closed quantum system can undertake towards
relaxation. We have analyzed processes of gravitational
collapse both in AdS4 and AdS3 as models for quantum
quenches in ﬁnite size spaces, and shown that hologra-
phy accommodates in a natural way ﬁeld theory evo-
lutions exhibiting revivals. Depending on the dimen-
sion and the energy density created by the quench, the
revivals might decay, giving way to a stationary state,
or might persist preventing the system to equilibrate.
We have observed in our models a clear map between
the dynamics of dephasing-rephasing which leads in the
ﬁeld theory to revivals or equilibration, and that of hori-
zon formation on the gravity side.
Our main results concern the AdS3/CFT2 models.
The existence in AdS3 of a mass threshold for the ex-
istence of black holes leads to revivals in processes with
higher energy than that allowed in AdS4. This fact is
most likely related with the strong symmetry properties
of 1-dimensional CFT’s. The revivals present diﬀerent
features depending on the initial conditions. When the
energy density created by the quench is small, they are
well described in terms of the free streaming of entan-
gled excitations [11]. As the energy increases interac-
tion eﬀects change the pattern into a series of collapses
and revivals with similar properties to those observed
experimentally in a variety of systems [17, 18, 4].
Purely in the gravity context, it is highly desirable
to have a criterium determining from the initial matter
distribution relevant aspects of its subsequent collapse
evolution. One such aspect is whether a horizon is go-
ing to form by direct infall or not. We have studied
the transition line between direct collapse and bounc-
ing geometries in AdS3,4 for the initial matter proﬁle
(5). Remarkably the maximum of the radial energy dis-
tribution at the instant when all shell components are
imploding, remained practically constant along this line
in the AdS4 case. Although rather unmotivated from
the gravitational point of view, this provides a criterium
governing collapse of the above mentioned type. We
have moreover suggested a holographic explanation for
it, by interpreting the maximum of the matter energy
distribution in terms of the density of strongly corre-
lated excitations in the dual ﬁeld theory. This provides
one more example of how the holographic dictionary
can be fruitful for both sides of the correspondence.
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